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February 8, 2007 
 
To: Paul Pickett and Steve Hood, Washington Department of Ecology 
 
From: Chris Berger and Scott Wells, PSU 
 
Subject: Lake Whatcom Model calibration with variable stoichiometry in sediments - REVISED 
 
This memorandum discusses model calibration and enhancements made to the Lake Whatcom water 
quality model.  Model development and initial calibration were documented in the report “Lake 
Whatcom Water Quality Model” (Berger and Wells, 2005). 
 
The Lake Whatcom water quality model has been converted from CE-QUAL-W2 version 3.2 to version 
3.5 (Cole and Wells, 2006). 
 
Sediment Variable Stoichiometery and Kinetics 
Variable stoichiometry of sediments has been added to the Lake Whatcom water quality model.  There 
are now sediment phosphorus, sediment nitrogen, and sediment carbon compartments.  The sediment 
carbon stoichiometry is variable because organic matter and algae may have differing carbon 
stoichiometry.  The decay rate of sediment in a model cell is the mass averaged decay rate of the labile 
particulate organic matter (LPOM) and refractory particulate organic matter (RPOM) groups.  The 
governing equations for the sediment compartments were shown below.  Keep in mind that CBOD and 
epiphyton were not simulated in the Lake Whatcom model.  Further information about water quality 















































γOM =  rate multiplier for organic matter 
δPe = epiphyton stoichiometric coefficient for phosphorus 
δPa = algal stoichiometric coefficient for phosphorus 
Δz =  model cell thickness, m 
ωPOM = POM settling velocity, m sec-1 
ωa = algal settling velocity, m sec-1 
ωSED = sediment settling velocity, m sec-1 




Φa = algal concentration, g m-3 
ΦLPOM-P = labile POM labile concentration, g m-3 
ΦRPOM-P = refractory POM concentration, g m-3 
Φs-P = sediment phosphorus concentration, g m-3 
Volcell = volume of computational cell, m3 
Abottom= Area of bottom, m2 
Φe      =  epiphyton concentration, g m-3 
Kepom= fraction of epiphyton that go to particulate fraction and settle into sediment at death 










































     
 
where:  
γOM =  rate multiplier for organic matter 
δNe = epiphyton stoichiometric coefficient for phosphorus 
δNa = algal stoichiometric coefficient for phosphorus 
Δz =  model cell thickness, m 
ωPOM = POM settling velocity, m sec-1 
ωa = algal settling velocity, m sec-1 
ωSED = sediment settling velocity, m sec-1 
Ksed = sediment decay rate, sec-1 
Φa = algal concentration, g m-3 
ΦLPOM-N = labile POM concentration, g m-3 
ΦRPOM-N = refractory POM concentration, g m-3 
Φs-N = sediment nitrogen concentration, g m-3 
Volcell = volume of computational cell, m3 
Abottom= Area of bottom, m2 
Φe      =  epiphyton concentration, g m-3 
Kepom= fraction of epiphyton that go to particulate fraction and settle into sediment at death 
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OMγ  =  rate multiplier for organic matter 
δCe = epiphyton stoichiometric coefficient for carbon 
δCa = algal stoichiometric coefficient for carbon 
δCOM =organic matter stoichiometric coefficient for carbon 
Δz =  model cell thickness, m 
ωPOM = POM settling velocity, m sec-1 
ωa = algal settling velocity, m sec-1 
ωSED = sediment settling velocity, m sec-1 
Ksed = sediment decay rate, sec-1 
Φa = algal concentration, g m-3 
ΦLPOM = labile POM carbon concentration, g m-3 
ΦRPOM = refractory POM carbon concentration, g m-3 
Φs-C = sediment carbon concentration, g m-3 
Volcell = volume of computational cell, m3 
Abottom= Area of bottom, m2 
Φe      =  epiphyton concentration, g m-3 
Kepom= fraction of epiphyton that go to particulate fraction and settle into sediment at death 
Kem =  epiphyton mortality rate 
Tributary and Groundwater Loadings 
Tributary inputs were supplied by Paul Pickett of the Washington Department of Ecology.  The 
development of the groundwater inputs were described in the first calibration report (Berger and Wells, 
2006).  As part of the calibration process, the constituent concentrations of the tributaries and 
groundwater were altered.   These changes were summarized below: 
• Ammonia-nitrogen concentrations in groundwater were reduced 90% 
• Organic matter concentrations in groundwater were reduced 80% 
• Nitrate-nitrite nitrogen concentrations in tributaries were reduced 30% 
• Organic matter nitrogen concentrations in tributaries were reduced 20% 
• Ammonia nitrogen concentrations in tributaries were reduced 20% 




Water level data provided by the City of Bellingham were compared with model results were shown in 
Figure 1.  Table 1 shows water level statistics.  Water levels were calibrated by adding a distributed flow 
file for branch 1 to compensate for the error in inflow/outflow measurements and to also account for 
inflows and/or losses directly into the lake. 
 
Table 1.  Water level error statistics. 
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Error 
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Lake Whatcom Water Level
 




The primary model parameters affecting temperature calibration was wind sheltering coefficients.  
Comparisons between model predictions and temperatures were shown in Appendix B.  Table 2 list 
error statistics between model predictions and data for all the sampling locations in the lake.  Error 
statistics were calculated by comparing measured data at a particular depth with the model prediction 
(interpolated between layers) at that depth.  The root mean square error average was less than 1 degrees 
Celsius for all sites.  Figure 2 shows the correlation between model predictions and data.  The r-squared 





Table 2.  Temperature profile error statistics.   
Site Mean Error (Celsius) 
Absolute Mean Error 
(Celsius) 
Root Mean Square 
Error (Celsius) 
LW1 -0.01 0.81 0.96 
LW2 0.15 0.72 0.87 
LW3 -0.18 0.66 0.77 
LW4 -0.30 0.74 0.83 
Intake 0.11 0.67 0.72 
Average -0.05 0.72 0.83 
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Model - Data scatter plot for Temperature
Fit Results
Equation Y = 1.00877043 * X
Number of data points used = 1923
Average X = 11.244
Average Y = 11.1658
Residual sum of squares = 1600.59
Coef of determination, R-squared = 0.995
Residual mean square, sigma-hat-sq'd = 0.833
 
Figure 2.  Model versus data scatter plot for temperature. 
Water Quality Calibration 
 
The calibrated water quality coefficients were shown in Table 3.  These are variables that can be adusted 









Table 3. W2 Model Water Quality Parameters 
 








Transport     
AX 
Longitudinal eddy viscosity 
(for momentum dispersion) m2/sec 1 1 
DX 
Longitudinal eddy 
diffusivity (for dispersion of 
heat and constituents) m2/sec 1 1 
Temperature     
CBHE 
Coefficient of bottom heat 
exchange Wm2/sec 0.30 0.30 
TSED 
Sediment (ground) 
temperature oC 12.8 11.5 
WSC Wind sheltering coefficient  0.85 0.6-3.3 
BETA 
Fraction of incident solar 
radiation absorbed at the 
water surface  0.45 0.45 
Water Quality     
EXH20 Extinction for water /m 0.25 
0.25 for wb 1 
0.28 for wb 2
EXSS 
Extinction due to inorganic 
suspended solids m3/m/g 0.01 0.1 
EXOM 
Extinction due to organic 
suspended solids m3/m/g 0.17 
0.10 for wb 1 
0.08 for wb 2
EXA 
Extinction due to organic 
algal type 1 m3/m/g 0.1 0.1 
SSS 
Suspended solids settling 
rate m/day 2 1.5 
AG1 
Algal growth rate for algal 
type 1 /day 1.1 1.65 
AM1 
Algal mortality rate for 
algal type 1 /day 0.01 0.07 
AE1 
Algal excretion rate for 
algal type 1 /day 0.01 0.04 
AR1 
Algal dark respiration rate 
for algal type 1 /day 0.02 0.04 
AS1 
Algal settling rate for algal 
type 1 /day 0.14 0.1 
ASAT1 
Saturation intensity at 









rate for algal type 1 
APOM1 
Fraction of algal biomass 
lost by mortality to detritus 
for algal type 1  0.8 0.9 
AT11 
Lower temperature for algal 
growth for algal type 1 oC 10 4 
AT21 
Lower temperature for 
maximum algal growth for 
algal type 1 oC 30 10 
AT31 
Upper temperature for 
maximum algal growth for 
algal type 1 oC 35 14 
AT41 
Upper temperature for algal 
growth for algal type 1 oC 40 25 
AK11 
Fraction of algal growth 
rate at ALGT1 for algal 
type 1  0.1 0.2 
AK21 
Fraction of maximum algal 
growth rate at ALGT2 for 
algal type 1  0.99 0.6 
AK31 
Fraction of maximum algal 
growth rate at ALGT3 for 
algal type 1  0.99 0.99 
AK41 
Fraction of algal growth 
rate at ALGT4 for algal 
type 1  0.1 0.1 
ALGP-A1 
Stoichiometric equivalent 
between organic matter and 
phosphorus for algal type 1  0.011 0.003 
ALGN-A1 
Stoichiometric equivalent 
between organic matter and 
nitrogen for algal type 1  0.08 0.08 
ALGC-A1 
Stoichiometric equivalent 
between organic matter and 
carbon for algal type 1  0.45 0.45 
AG2 
Algal growth rate for algal 
type 2 /day 1.1 1.8 
AM2 
Algal mortality rate for 
algal type 2 /day 0.01 0.06 
AE2 
Algal excretion rate for 
algal type 2 /day 0.01 0.04 
AR2 
Algal dark respiration rate 
for algal type 2 /day 0.02 0.04 











Saturation intensity at 
maximum photosynthetic 
rate for algal type 2 W/m2 150 75 
APOM2 
Fraction of algal biomass 
lost by mortality to detritus 
for algal type 2  0.8 0.8 
AT12 
Lower temperature for algal 
growth for algal type 2 oC 10 8 
AT22 
Lower temperature for 
maximum algal growth for 
algal type 2 oC 30 12 
AT32 
Upper temperature for 
maximum algal growth for 
algal type 2 oC 35 16 
AT42 
Upper temperature for algal 
growth for algal type 2 oC 40 30 
AK12 
Fraction of algal growth 
rate at ALGT1 for algal 
type 2  0.1 0.1 
AK22 
Fraction of maximum algal 
growth rate at ALGT2 for 
algal type 2  0.99 0.6 
AK32 
Fraction of maximum algal 
growth rate at ALGT3 for 
algal type 2  0.99 0.99 
AK42 
Fraction of algal growth 
rate at ALGT4 for algal 
type 2  0.1 0.1 
ALGP-A2 
Stoichiometric equivalent 
between organic matter and 
phosphorus for algal type 2  0.011 0.0025 
ALGN-A2 
Stoichiometric equivalent 
between organic matter and 
nitrogen for algal type 2  0.08 0.08 
ALGC-A2 
Stoichiometric equivalent 
between organic matter and 
carbon for algal type 2  0.45 0.45 
AG3 
Algal growth rate for algal 
type 2 /day 1.1 1.85 
AM3 
Algal mortality rate for 
algal type 2 /day 0.01 0.06 
AE3 
Algal excretion rate for 










Algal dark respiration rate 
for algal type 2 /day 0.02 0.04 
AS3 
Algal settling rate for algal 
type 2 /day 0.14 0.01 
ASAT3 
Saturation intensity at 
maximum photosynthetic 
rate for algal type 2 W/m2 150 130 
APOM3 
Fraction of algal biomass 
lost by mortality to detritus 
for algal type 2  0.8 0.9 
AT13 
Lower temperature for algal 
growth for algal type 2 oC 10 8 
AT23 
Lower temperature for 
maximum algal growth for 
algal type 2 oC 30 16 
AT33 
Upper temperature for 
maximum algal growth for 
algal type 2 oC 35 20 
AT43 
Upper temperature for algal 
growth for algal type 2 oC 40 30 
AK13 
Fraction of algal growth 
rate at ALGT1 for algal 
type 2  0.1 0.1 
AK23 
Fraction of maximum algal 
growth rate at ALGT2 for 
algal type 2  0.99 0.60 
AK33 
Fraction of maximum algal 
growth rate at ALGT3 for 
algal type 2  0.99 0.99 
AK43 
Fraction of algal growth 
rate at ALGT4 for algal 
type 2  0.1 0.1 
ALGP-A3 
Stoichiometric equivalent 
between organic matter and 
phosphorus for algal type 2  0.011 0.002 
ALGN-A3 
Stoichiometric equivalent 
between organic matter and 
nitrogen for algal type 2  0.08 0.08 
ALGC-A2 
Stoichiometric equivalent 
between organic matter and 
carbon for algal type 2  0.45 0.45 




Labile to refractory decay 










Maximum refractory decay 
rate /day 0.001 0.001 
LPOMDK Labile Detritus decay rate /day 0.06 
WB1:0.020 
WB2:0.020




Refractory Detritus decay 
rate /day  0.001 
OMT1 
Lower temperature for 
organic matter decay oC 4 4 
OMT2 
Lower temperature for 
maximum organic matter 
decay oC 20 20 
OMK1 
Fraction of organic matter 
decay rate at OMT1  0.2 0.2 
OMK2 
Fraction of organic matter 
decay rate at OMT2  0.99 0.99 
PARTP 
Phosphorous partitioning 
coefficient for suspended 
solids  1.2 0 
AHSP1 
Algal half-saturation 
constant for phosphorous – 
algae 1 g/m 0.009 0.002 
AHSP2 
Algal half-saturation 
constant for phosphorous – 
algae 2 g/m 0.009 0.0025 
AHSP3 
Algal half-saturation 
constant for phosphorous –
algae 3 g/m 0.009 0.002 
NH4DK 
Ammonia decay rate 
(nitrification rate) /day 0.12 0.25 
AHSN 
Algal half-saturation 
constant for ammonia g/m3 0.014 0.014 
NH4T1 
Lower temperature for 
ammonia decay oC 5 5 
NH4T2 
Lower temperature for 
maximum ammonia decay oC 20 25 
NH4K1 
Fraction of nitrification rate 
at NH4T1  0.1 0.1 
NH4K2 
Fraction of nitrification rate 
at NH4T2  0.99 0.99 
NO3DK 
Nitrate decay rate 
(denitrification rate) /day 0.102 0.15 
NO3T1 
Lower temperature for 










Lower temperature for 
maximum nitrate decay oC 20 25 
NO3K1 
Fraction of denitrification 
rate at NO3T1  0.1 0.1 
NO3K2 
Fraction of denitrification 
rate at NO3T2  0.99 0.99 
O2NH4 
Oxygen stoichiometric 
equivalent for ammonia 
decay  4.57 4.57 
O2OM 
Oxygen stoichiometric 
equivalent for organic 
matter decay  1.4 1.4 
O2AR 
Oxygen stoichiometric 
equivalent for dark 
respiration  1.4 1.1 
O2AG 
Oxygen stoichiometric 
equivalent for algal growth  1.4 1.8 
O2LIM 
Dissolved oxygen 
concentration at which 
anaerobic processes begin g/m3 0.05 0.1 
SEDB Sediment burial rate /day  0.007 
* Cole and Wells (2006)    
 
The constituent model-error statistics for all consituents and sites were included in Table 4 through 
Table 12.  Statistics calculated include mean error (ME), absolute mean error (AME), and root mean 
square error (RMS).   Error statistics were calculated by comparing measured data at a particular depth 
with the model prediction (interpolated between layers) at that depth.  “Appendix A: Vertical Profiles of 
Model Predictions and Data” contains the vertical profile model versus data comparisons.  Scatter plots 
showing the model versus data comparisons were shown for dissolved oxygen and chlorophyll a in 
Figure 3 and Figure 4. 
 
The percentage bio-volumes of the 3 algae groups were also compared with vertical profile data.        
Figure 545 through Figure 706 in “Appendix A: Vertical Profiles of Model Predictions and Data” show 
the model predicted bio-volumes and data.  The algae 1 compartment simulates Chrysophyta (mostly 
diatoms), the algae 2 compartment simulates Chlorophyta (greens), and the algae 3 compartment 
represents cyanobacteria (blue-greens).  Algae data were obtained from the Washington Department of 
Ecology and Western Washington University (Deluna, 2004). 
 
Table 4.  Model-data error statistics for ortho-phosphorus. 




Root Mean Square 
Error (mg/l) 
LW1 61 0.0011 0.0031 0.0036 








Root Mean Square 
Error (mg/l) 
LW3 25 -0.0001 0.0015 0.0017 
LW4 11 -0.0003 0.0015 0.0017 
INTAKE 54 -0.0008 0.0018 0.0019 
 Average 0.0000 0.0020 0.0022 
 
Table 5.  Model-data error statistics for ammonia nitrogen. 




Root Mean Square 
Error (mg/l) 
LW1 61 0.0179 0.0411 0.0456 
LW2 52 0.0261 0.0357 0.0452 
LW3 25 0.0066 0.0077 0.0095 
LW4 11 0.0043 0.0058 0.0066 
INTAKE 54 0.0232 0.0232 0.0240 
 Average 0.0156 0.0227 0.0262 
 
Table 6.  Model-data error statistics for nitrite-nitrate nitrogen. 




Root Mean Square 
Error (mg/l) 
LW1 61 0.02 0.07 0.08 
LW2 52 0.00 0.07 0.08 
LW3 25 -0.01 0.08 0.09 
LW4 11 -0.04 0.07 0.08 
INTAKE 54 0.03 0.05 0.06 
 Average 0.00 0.07 0.08 
 
Table 7.  Model-data error statistics for dissolved oxygen. 




Root Mean Square 
Error (mg/l) 
LW1 61 -0.26 0.77 0.89 
LW2 52 -0.22 0.78 0.96 
LW3 25 0.14 0.63 0.73 
LW4 11 0.12 0.68 0.74 
INTAKE 54 0.00 0.63 0.66 
 Average -0.05 0.70 0.80 
 
Table 8.  Model-data error statistics for alkalinity. 




Root Mean Square 
Error (mg/l) 
LW1 61 0.47 1.87 2.02 
LW2 52 2.24 2.64 2.76 
LW3 25 1.85 1.92 2.22 








Root Mean Square 
Error (mg/l) 
INTAKE 54 3.14 3.14 3.16 
 Average 1.82 2.22 2.40 
 
Table 9.  Model-data error statistics for total persulfate nitrogen. 




Root Mean Square 
Error (mg/l) 
LW1 61 0.00 0.06 0.06 
LW2 52 -0.02 0.06 0.08 
LW3 25 -0.04 0.07 0.09 
LW4 11 -0.07 0.08 0.09 
INTAKE 54 0.01 0.04 0.04 
 Average -0.03 0.06 0.07 
 
Table 10.  Model-data error statistics for total phosphorus. 




Root Mean Square 
Error (mg/l) 
LW1 61 -0.004 0.006 0.007 
LW2 52 -0.002 0.005 0.006 
LW3 25 -0.001 0.004 0.005 
LW4 11 0.000 0.003 0.004 
INTAKE 54 0.000 0.004 0.004 
 Average -0.001 0.004 0.005 
 
Table 11.  Model-data error statistics for chlorophyll a. 
Site ID Model Segment # Mean Error 
(µg/l) 
Mean Absolute 
Error (µg /l) 
Root Mean Square 
Error (µg /l) 
LW1 61 1.48 1.88 2.28 
LW2 52 0.40 1.18 1.37 
LW3 25 0.15 1.00 1.16 
LW4 11 0.45 1.24 1.39 
INTAKE 54 1.15 1.71 1.75 
 Average 0.72 1.40 1.59 
 
Table 12.  Model-data error statistics for pH. 




Root Mean Square 
Error (mg/l) 
LW1 61 -0.09 0.25 0.32 
LW2 52 0.00 0.22 0.25 
LW3 25 0.24 0.31 0.34 
LW4 11 0.26 0.30 0.33 
INTAKE 54 -0.08 0.30 0.31 
 Average 0.07 0.28 0.31 















Model - Data scatter plot for Dissolved Oxygen
Fit Results
Equation Y = 0.941726773 * X + 0.5274
Number of data points used = 2128
Average X = 9.67318
Average Y = 9.63689
Residual sum of squares = 1786.35
Regression sum of squares = 10875.8
Coef of determination, R-squared = 0.859
Residual mean square, sigma-hat-sq'd = 0.840
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Model - Data scatter plot for Chlorophyll a
Fit Results
Equation Y = 1.233785086 * X
Number of data points used = 564
Average X = 2.35569
Average Y = 3.13103
Residual sum of squares = 2127.44
Coef of determination, R-squared = 0.753
Residual mean square, sigma-hat-sq'd = 3.78
 
Figure 4.  Model versus data scatter plot for chlorophyll a.  
 
Summary 
The Lake Whatcom water quality and hydrodynamic model has been upgraded from CE-QUAL-W2 
Version 3.2 to version 3.5 (Cole and Wells, 2006; http://www.cee.pdx.edu/w2).  Tributary loading have 
also been improved.  The model now includes sediment carbon, phosophorus, and nitrogen 
compartments. 
  
In general, the model reproduces the lake responses to the known boundary conditions.  The average 
absolute mean error of model predictions was 0.72 degrees Celsius for temperature, 0.70 mg/l for 
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Figure 706.  Vertical profiles of CYANOBACTERIA compared with data for 12/12/2003. 
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